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The present work reviews the literature produced so far on high-capacitance solar thermal collectors, with 
the aim of highlighting the wide range of possible variants and applications and sharing the information 
here gathered for future developments. These solar systems are here denoted with the term of Massive 
Solar-Thermal Collector (MSTC). The review is focused on liquid rather air technologies, because of their 
direct applicability to systems that supply only domestic hot water (DHW) as well as combined DHW and 
space heating (SH) systems. The attention on this topic is justified by the rising number of publications 
and energy concepts that deal with the utilization of opaque structures as low cost solar absorbers and 
by the similar MSTC’s efficiency in low temperature range to conventional solar systems. 
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1. An introduction to Massive Solar-Thermal Collectors 


The growth in the use of solar collectors for covering building 
loads (domestic hot water (DHW) preparation and space heating 


Abbreviations: CCC, cellular-clayey concrete; COP, coefficient of performance; 
DHW, domestic hot water; FDM, finite difference method; FEM, finite element 
method; FVM, finite volume method; FPC, flat-plate collector; GRC, glass-reinforced 
concrete; HWB, Hottel-Whillier-Bliss theory; IEI, initial energy investment [kWh]; 
LCM, lumped capacity method; MSTC, massive solar-thermal collector; RCC, rein- 
forced cement concrete; RFM, response factor method; SAHP, solar assisted heat 
pump; SCOP, seasonal coefficient of performance; SF, solar fraction [%]; SFH, single 
family house; SH, space heating; SHDHW, space heating and domestic hot water; 
SPHS, swimming pool heating system; SPF, seasonal performance factor. 
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(SH), mainly) has shown that these systems are mature and techni- 
cally reliable. Research and development of solar technologies has 
led to very efficient solar collectors and systems. A greater share of 
solar energy in residential building loads can become more signifi- 
cant thanks to thermally well-insulated buildings and the adoption 
of low temperature heat supply systems. Among technical aspects, 
solar technologies are also essential measures in order to com- 
ply with more and more severe building’s energy requirements in 
terms of primary energy or CO, emissions reduction. 

The most diffuse solar technologies are flat-plate solar collec- 
tors (FPC) and a wide range of typologies [1-5] and materials [6-8] 
are available on the market. From an economical point of view, 
traditional solar collectors are characterized by high cost of invest- 
ment and this is a weighty limit in spreading further their adoption 
in residential applications [9,10]. Their high cost is mainly due 
to the use of expensive materials and to the required accurate 


M. D'Antoni, O. Saro / Renewable and Sustainable Energy Reviews 16 (2012) 3666-3679 3667 


Nomenclature 

a diffusivity [m/s] 

do, 41, a2 collector efficiency coefficients [-], [W/(m? K)], 
[W/(m? K?)] 

Ac collector area [m?] 

Bi Biot Number 

Cp specific heat [kJ/(kg K)] 

C volumetric thermal capacity [k]/(m? K)] 

Cott effective thermal capacity [kJ/(m? K)] 
thickness [m] 

dı depth of piping grid [m] 

dg air gap [m] 

dx pipe spacing [m] 

Fo Fourier Number 

FR heat removal factor 

F collector efficiency factor 

Ig global solar radiation [W/m?] 

m mass flow rate [kg/h] 

Pv vapour pressure [Pa] 

qu specific heat flux [W/m?] 

Qu heat flux [W] 

Sa equivalent layer thickness [m] 

Sa total equivalent element thickness [m] 

t time [s] 

T temperature [K] 

Ts heat removal temperature [K] 

U U-value [W/(m2 K)] 

Uo heat transfer coefficient between fluid and ambient 
air [W/(m? K)] 

UL thermal loss coefficient [W/(m? K)] 

w water uptake coefficient [kg/(m? h®>)] 


Greek letters 


a absorptance 

ô pipe diameter [m] 

n energy efficiency 

À thermal conductivity [W/mK] 
H permeability 

p density [kg/m?] 
Subscripts 

air ambient temperature 
av average 

conv convective 

d daily 

e external 

eff effective 

f fluid 

i internal 

sa sol-air 

sat saturation 

sp specific 

tot total 


manufacturing phases: thus, large cost reductions are needed in 
solar SH and DHW systems to achieve a significant penetration in 
the residential market. 

Two general approaches can be indicated as effective strategies 
to reduce the economic impact of solar thermal collectors. A first 
trend goes in the direction of manufacturing low-cost collectors 
with the adoption of alternative materials (e.g. non-metallic, plas- 
tic, fibre-glass or rubber) [8,10,11], which represent valid options 
to traditional materials in low temperature range (delivered fluid 


temperature <50°C). A second trend goes in the direction of a 
better integration of solar systems in building envelope [12] and 
deals with a more integrated design between formal and technical 
aspects. 

The ideal absorber material would be “inexpensive, easy to 
form, strong (in terms of pressure and handling), stable at tem- 
perature of 205°C, stable under long-term exposure to ultraviolet 
radiation, nonporous, lightweight and completely noncorrosive” 
[11]. Unlikely a material cannot meet all these criteria and 
a compromise has to be found among all these requirements 
and thus additional research should be addressed in this direc- 
tion. 

A more effective integration of solar collection systems with 
the building envelope is always desirable [12-16]. Typically solar 
collectors are considered mere technical elements and they are 
installed on the roof top where the visual impact is less prominent. 
The integration of solar systems is affected by the “linear” design 
approach, in which architects deal with aesthetic and functional 
issues, while engineers are responsible of mere energy aspects. The 
consequence of this is that the degree of freedom of integrating 
solar thermal systems is restricted already in early design phases. A 
more effective collaboration between stakeholders, moving toward 
an integrated design approach, will improve the formal and techni- 
cal quality of the building and reduce investment and maintenance 
costs. 

In order to achieve these results from technical and aesthetic 
point of view, a greater design effort is necessary [12-16]. In the 
last decades, a technological trend has been established, which 
moves toward a multi-functional façade concept, in which bearing, 
water-proofing, sound protection, insulation and surface finish- 
ing are solved. As further improvement to this, pre-manufactured 
modular building elements can be also equipped by means of solar 
energy collection and help to fulfil DHW and heating loads. These 
techniques can be adopted successfully either for residential and 
tertiary buildings. 

A significant example of possible integration of solar energy 
technologies in building elements, are represented by Massive 
Solar-Thermal Collectors (MSTCs). With this term, the authors refer 
to those massive structures, which are exposed outdoors and serve 
as active solar systems for a direct or indirect use of the collected 
energy in covering the building loads. MSCs have been studied since 
the late 70s as reaction to the oil crisis, but no widely commercial 
applications have been developed so far. Evidences of their work- 
ing effectiveness are limited to relative few literature references 
and a moderate concern has been testified through the number 
of patents registered. MSTCs adopt as absorber a massive material 
(typically concrete) instead of the metallic one and basically, they 
use similar techniques of floor heating systems to external verti- 
cal or horizontal structures. The working fluid is usually water or 
a brine-water mixture, which flows through the pipes embedded 
in collector’s absorber. Pipe’s material can be metallic (such as alu- 
minium or copper) or plastic (PE, PE-X or HDPE). The glazing layer 
is adopted in order to enhance collector’s efficiency by reducing 
the heat loss coefficient, but in some cases it is neglected because 
of the fragility and the high investment cost of the glass. As pre- 
viously said, only few commercial systems have been developed 
and in order to show the whole range of possibilities, a summary 
of the most interesting technologies is presented in the following 
sections. 

One of the most significant advantages of MSTCs is their thermal 
capacity, that induces a storage effect of solar energy and makes 
possible to extract heat also during periods with no availability 
of solar radiation. The non-negligible thermal inertia, and in some 
cases the lack of glass panes, changes radically the behaviour with 
respect to a conventional FPC. In general, the major advantages of 
using a MSTC can be summarized as follows: 


3668 M. D'Antoni, O. Saro / Renewable and Sustainable Energy Reviews 16 (2012) 3666-3679 


eè it has a structural integrity to withstand external loads and thus 
can be used in many external applications and structures; 

e it can become a free radiant surface, connectable to a plurality of 
other units; 

e traditional concrete precast techniques can be adopted to cre- 
ate a modular system, which can be produced locally from local 
materials; 

e a MSTC prototype can be easily constructed, guarantying high 
quality standards; 

e it has lower investment costs and it is easy to maintain and to 
operate; 

e the concrete structure eliminates the need of a collector frame. 


The system applications in which MSTCs can be implemented 
are wide (see Section 4, Tables 1 and 2). They have been adopted 
for covering the energy demand of residential buildings (SH and 
DHW) and swimming pools, for reducing the solar gains on opaque 
elements or for lowering the pavement temperature reducing the 
local heat island effect. Nevertheless, it has to be underlined that 
whenever approaching to the adoption of any solar technology, it is 
important to understand the local availability of the energy source 
and its compatibility with the requirements and peculiarities of 
the building loads. This statement is particular true for any MSTC 
system. 

In order to address more effectively the work, a critical analysis 
of MSTC examples available in literature are reported in the next 
sections. The aim of the authors is to show the wide range of possi- 
ble applications and the major thermo-physical and technological 
characteristics of a MSTC, sharing the information here gathered 
for future developments. 


2. Thermal and hygrometric analysis of a MSTC 


In order to guarantee adequate durability and stability levels, 
thermo-physical and technological aspects are together the most 
important issues to consider thoughtfully when manufacturing a 
MSTC. Relevant aspects on heat transfer and storing, vapour diffu- 
sion and frost deposit are addressed in the next sections. 


2.1. Heat transfer and storing phenomena 


The most evident difference of a MSTC from traditional FPCs, is 
the thermal behaviour of absorber. In general, massive materials 
have a lower thermal conductivity than metals, but a greater heat 
storing effect. The final energy response of MSTCs depends on these 
issues and thus, these aspects need to be clearly discussed. 

As shown by Fourier’s law (Eq. (1)), the heat conduction rate 
is directly dependent to the thermal diffusivity of a material 
(a=A/pc): substances with high thermal diffusivity rapidly adjust 
their temperature to that of their surroundings, because they con- 
duct heat quickly in comparison to their volumetric heat capacity. 
T dA Lo 
x7 rad T (1) 

In the case of opaque materials, it is possible to derive a direct 
correlation between the density p and the thermal conductivity 
à (Fig. 1). Light materials have a larger quantity of porous, while 
heavy substances have a less number of voids. This distinction 
determines their different field of applications. Massive materials 
are mainly applied for static requirements, such as brick in mason- 
ries or concrete for casting beams. The density ranges between 400 
and 2800 kg/m? and their bearing ability increases when cavities 
or leakages are limited, while the thermal conductivity is generally 
higher than 1.0 W/mK. On the other hand, light weighted materi- 
als are applied for insulation purposes, because of the amount of 
air entertained is a measure of the material’s insulating ability. In 
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Fig. 1. Thermal conductivity A as a function of density p for some common building 
materials [17,18]. 


this case, the density can vary between 25 and 270 kg/m? and their 
thermal conductivity between 0.020 and 0.050 W/(m K). 

The specific heat capacity cp does not differ significantly from 
one building material (heavy or light) to another and it is usually 
around 1.0 kJ/(kg K) (except wood where Cp ~ 2.0 kJ/(kg K)). An ideal 
material used in active or passive solar systems should have an 
high specific heat, in order to store the highest fraction of solar 
radiation, but also an high thermal conductivity in order to trans- 
fer the stored heat to further processes. Thus, massive materials 
have an important potential of collecting solar energy, because of 
their relative high thermal conductivity and high heat capacity. In 
order to understand and compare correctly the storage capacity of 
several materials, a more appropriate parameter to use is the vol- 
umetric heat capacity C= p cp. Looking at Fig. 2, it can be deduced 
that with a volumetric heat capacity of 0.66 kWh/(m? K), concrete 
reaches about 60% of water (the highest value). This means that 
from a thermal point of view concrete is a valuable material for 
solar applications in which energy storing is an issue. For sake of 
completeness, it has to be reported that several works [19-23] pro- 
posed the combination of concrete with PCM materials in order to 
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Fig. 2. Heat capacity C as function of density p for some common building materials 
[17,18]. 


Table 1 


Synoptic table of the reviewed Massive Solar Collector typologies part 1 (T=theoretical, E = experimental, W = water heating, H = space heating, C= cooling, DI = de-icing, P= pool heating, D = direct, I= indirect). 


Author Year Location Analysis [T/E] Classification Application Exploitation Tiltangle [°] ao [-] aı [W/(m? K)] a [W/(m? K?)} U: [W/(m? K)] na [%] 
Olive (1) 1977 France E 2 Ww D - 0.86 4.13 - 4.8 - 

Olive (2) 1977 France E 2 Ww D 60 0.87 3.13 - 3.6 - 

Olive (3) 1977 France E 2 Ww D 40 0.83 5.47 - 6.6 - 

Sodha 1980 India T 1 Ww D 45 - - - 6.1 30-58 
Sedgwich 1981 U.K. T 1 P D 0 - - - - - 

Kumar 1981 India T 3 c D 0 - - - 48 28-35 
Srivastava 1982 India T 1 W D 0 - - - 4.8 25-50 
Turner 1986, 1987 US. T 1 P D 0 - - - 14.2 - 
Kutscher (1) 1984 US. T/E 2 Ww D - - - - - - 
Kutscher (2) 1984 US. T/E 2 Ww D - - - - - - 

Oswald 1984 Germany E 3 W/H I 35 - - - - - 

Nayak 1989 India E 2 Ww D 19 0.52-0.37 0.18-0.24 - - 12.8-70.3 
Bosphetty 1992 India T 2 Ww D 19 0.52-0.37 0.18-0.24 - - 17.1-56.7 
Sokolov 1992 Israel T 2 Ww D - - - - 2-20 41-86 
Al-Saad (1) 1993 Jordan E 2 Ww D 32 0.453-0.754 2.36-4.60 - - 40.0-50.4 
Al-Saad (2) 1993 Jordan E 2 Ww D 32 0.303-0.620 1.13-2.98 - - 33.1-43.0 
Al-Saad (3) 1993 Jordan E 2 Ww D 32 0.350-0.715 2.13-4.28 - - 36.0-48.0 
Marmoret 2000 France T/E 3 H D 90 - - - - - 
Chaurasia 2000 India E 2 Ww D 0, 41, 90 - - - - - 
Rocchetti 2001, 2011 Italy T 3 Ww I 15 - - - - - 

Abbott 2004 US. T 3 W/H I 33,41 - - - - 42 
Hazami 2010 Tunisia T/E 2 WwW D 37 - - - 14 32 

Gao 2010 China T 1 DI D 0 - - - 36 21-42 
Wu 2011 China E 1 DI D 0 - - - - 33 
Sarachitti 2011 India T/E 3 Ww D 0 - - - 30 - 
Ruschenburg 2011 Germany T/E 3 H I 90 - - - - - 
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Table 2 
Synoptic table of the reviewed Massive Solar Collector typologies (part 2). 
Author A[m?] t{mm] Massive material A[W/(mK)] p[kg/m?] —c[kJ/kgK] Pipe material dy{mm] ôļmm] ¢t [mm] _ tir Fluid Glazing [yes/no] tg [mm] 
[kg/h] [kg/h/m?] 
Olive (1) - 150 Concrete - - - Steel 150 21 - - - Water Yes - 
Olive (2) - 80 Concrete - - - Plastic 80 17 - - - Water Yes - 
Olive (3) - 80 Concrete - - - Steel 150 21 - - - Water Yes - 
Sodha 0.74 50 Sand 1.73 2243 0.88 PE 7 20 28 - Water Yes 40 
Sedgwich 560 - Asphalt 1.18 - - PE 125 9.5 - - - Water No - 
Kumar - 300 Concrete 0.72 1858 0.66 - - 10 0-300 - 2.5-20 Water Yes - 
Srivastava - 300 Concrete 0.72 1858 0.66 - - 10 0-300 0-20 - Water Yes - 
Turner - 100 Concrete - - - - 125 - - - Water No - 
Kutscher (1) 2.00 -= GRC - 1400 - None 30-90 10 - - - Water Yes - 
Kutscher (2) 2.00 -= GRC - 1400 - None 30-90 10 - - - Water No - 
Oswald 115 160 Concrete - - - PE - - - - - Brine No - 
Nayak 0.90 35 Cellular concrete 0.92 2262 0.84 PVC 60-150 20 18 36-72 - Water Yes 40 
Bosphetty 0.90 35 Cellular concrete 0.92 2262 0.84 PVC 60-150 20 18 36-72 - Water Yes 40 
Sokolov - 20 GRC 1.00 2400 0.85 - 40-100 10 - - 18-72 Water No - 
Al-Saad (1) 0.90 50 Concrete - - - Steel - 16 - = 39.6-118.8 Water Yes 40 
Al-Saad (2) 0.90 50 Concrete - - - PE - 13 - - 39.6-118.8 Water Yes 40 
Al-Saad (3) 0.93 50 Concrete - - - PVC - 14 - - 39.6-118.8 Water Yes 40 
Marmoret 1.88 200 ccc 0.20 850 0.85 - - - - 336-540 - Water No - 
Chaurasia 1.07 55 RCC - - - Aluminium 60 19 0 80-100 - Water No - 
Rocchetti 150 15 Concrete 1.49 - - PE-X 60 - - - - Brine No - 
Abbott 28.6 38 Concrete 0.6 840 1.60 PE 20 19 - 155 - Brine Yes 25 
Hazami 2.00 40 Concrete 0.81 - 0.88 Copper 100 14 - 149.76 - Water Yes 20 
Gao 0.72 - Asphalt - - - - 90-150 20 - 70-100 - Water No - 
Wu 0.09 150 Asphalt 1.73, 1.89 - - Copper 100 20 75 0-120 - Water No - 
Sarachitti 575 120 RCC 1.40 2300 0.88 PVC 100 25 50 - - Water No - 
Ruschenburg 2.5-5 - Plaster - - - PE - - - - - Brine No - 
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further enhance its thermal storage capacity: this issue has not been 
handled in this work. 

Accordingly to the solar technology adopted and the integration 
level in building façade, solar energy collection is always associ- 
ated with heat removals of different magnitude. In liquid systems, 
water or glycol mixture is used to extract heat from the absorber 
plate through convection. If a concrete collector is simply installed 
on a roof surface, the roof structure is not thermally affected by 
its presence. On the other hand, if a MSTC is integrated in building 
envelope, it causes a change in building heat losses due to ther- 
mal transmission and thus occupants’ comfort issues should be 
carefully considered. For sake of clarity, a steady state calculation, 
reported in [24], gives an outlook of the abovementioned phe- 
nomena. Here an external wall made of 14cm of concrete, 6 cm of 
insulation and 4 cm of concrete from inside to outside is considered. 
The assembly has a U-value of 0.50 W/(m? K) and it implements a 
pipe coil on the external concrete layer. Assuming winter bound- 
ary conditions (indoor: +20 °C, outdoor: —10°C and no solar gains), 
the net lost energy flux amounts to 15.1 W/m2. If a constant flux 
of 100 W/m? is removed, the energy lost from indoor to outdoor 
rises to 18.1 W/m2. Thus, it can be concluded that the greater the 
degree of integration of solar technologies in building envelope and 
the colder the weather location, the more important precautions 
should be taken in order to minimize undesired drawbacks. During 
the summer season, the heat removal from building envelope could 
become an effective strategy for reducing the cooling demand [25]. 
This is particularly true for hot or arid climates, because the heat 
removal implies a reduction of the indoor radiant temperature and 
so an improvement of the comfort level. The collected heat can be 
easily used for preheating or producing DHW (see Section 4). 

As said, heat storing is a further central aspect in MSTCs. Bil- 
gen [26] studied experimentally the transient thermal behaviour 
of a concrete slab by varying the incident radiant heat flux. As we 
can expect, the absorbed heat flux decreased with time indepen- 
dently from the incident heat flux. This means that the capacity 
in heat storing is “limited” and the material becomes “saturated” 
when a thermal equilibrium state is reached between radiant heat 
gains and losses. If suddenly the radiant heat flux is removed, the 
discharge phase appeared more intense than the charge accord- 
ingly to a non-linear trend of time. Furthermore, he investigated 
the effect of concrete slab thickness (varied from 80 mm to 200 mm) 
on storing efficiency, which has been defined as the ratio between 
the change in stored heat and the incident radiant flux. Bilgen 
noted that by doubling the concrete thickness, the energy stor- 
ing efficiency increased by 30%; this tendency is not linear and 
the most significant changes are shown for moderate thick slabs 
of about 12 cm. These results were confirmed theoretically by Cos- 
sali [27,28], which investigated the same topic, describing formally 
the dynamic storage capacity of concrete slabs. He put in evidence 
as an optimal slab exists that maximizes the heat storage capac- 
ity accordingly to the intensity and duration of the heating profile 
(solar gains) adopted. 

The notion of volumetric thermal capacity is a useful parameter 
to quantify the storage capacity of different materials. As reported 
in [29], the effective thermal capacitance Corr is a collector’s param- 
eter which gives information regarding its transient behaviour. In 
the case of solar collectors with a non-negligible thermal mass, it is 
preferable to use the notion of effective thermal capacity Car rather 
than the volumetric capacity C, because it gives a better under- 
standing of the maximum heat amount that could be stored under 
transient environmental conditions. 


2.2. Moisture transfer phenomena 


The integration of active technologies in building envelope has 
not only effects on thermal aspects. As widely-known, vapour 


saturation pressure and hygroscopic properties (e.g. p-value) of 
a porous material are temperature functions. Moreover, the pores 
in an opaque material can contain air, liquid water, water vapour 
or ice and the presence of one of these is dependent to the local 
temperature. Typically, the presence of water in a structure can 
be determined by several causes such as superficial or interstitial 
condensation, raising ground moisture, driving rain or by the ini- 
tial water content, while the transfer mechanisms are diffusion and 
capillarity. An uncontrolled moisture content can lead directly or 
indirectly to structural damages or affect the durability of element. 

A dedicated study [24] dealt with investigations on this issue, 
discussing the influence and the magnitude of the moisture content 
on the durability and the energy collection of vertical MSTC inte- 
grated in building envelope. Under “undisturbed” conditions, the 
assembly above described is characterized by a vapour flow rate 
diffusion of 3.3 x 10-5 kg/h/m? and the condensed water vapour 
amounts to 0.047 kg/m2. When extracting an heat flux of 100 W/m2, 
internal temperatures drop down, increasing the risk of interstitial 
condensation. Under these conditions vapour flow rate increases up 
to 3.7 x 10-5 kg/h/m2, as well as condensed water (0.053 kg/m2). 
It should be pointed out that this calculation is performed under 
steady state conditions, neglecting the potential evaporation of the 
interstitial condensed water. Moreover in [24], field tests showed 
that no significant differences in moisture content within MSTC’s 
core structure or in the surroundings of wall pipe occurred. The 
measured water content amounted to 6% of MSTC’s weight, which 
corresponds to a quantity 1% higher of the ordinary value of 
exposed concrete elements. The authors did not notice any dam- 
ages caused by frost deposit during test periods in winter season. 

In order to understand the relationship between evaporation 
and heat release from a massive structure, the work of [30] is 
helpful. This specific issue has been studied on a cellular clayey 
concrete element, which embedded a pipe network. Two series of 
thermocouples and a hygrometer were used to measure the heat 
transfer and the water content at a given depth of the element. 
The measurements showed how temperature variations affect the 
saturating vapour pressure py sat. The calculation testified that the 
effect of evaporation on the heat transfer is negligible, but its effect 
is significant on the gradient of mass transfer. 

Finally, the work of [24] suggested a list of measures in order 
to satisfy durability issues against moisture transfer in a MSTC. 
Firstly, it is important to avoid an increase of moisture content, 
by limiting undesired operation conditions. If this would not be 
possible, design efforts should be directed towards to restrain 
water capillarity, limiting the porosity of massive material, to 
facilitate moisture diffusion by choosing a low-vapour resistance 
structure (low Są value) and to allow the release of vapour in 
surrounding environment. In order to do that, the MSTC external 
surface should be coated with a plaster layer of specific charac- 
teristics (w < 0.5 kg/(m? h?5), s4 < 4m and (w-sq) < 0.3 kg/(m h?5)). 
Secondly, a low initial water content should be guaranteed through 
an effective maturing phase of concrete. Finally, in order to reduce 
possible damages due to icing and thawing cycles, longer periods 
below zero of the structure should be avoided. 


2.3. Frost protection 


Problems associated to frost formation in a MSTC are deter- 
mined to intense heat removal and can occur on external surfaces 
as well as interstitially. These issues affect the durability [31], but 
also the energy performance. In particular when surface condensa- 
tion occurs, the liquid water depositing can become solid (frost or 
ice), if particular cold ambient temperatures occur. The creation of 
a frost layer increases the thermal resistance and thus, reduces the 
heat gain from the environment. 


3672 M. D'Antoni, O. Saro / Renewable and Sustainable Energy Reviews 16 (2012) 3666-3679 


Two main frost durability problems can be recognized for con- 
crete: internal cracking due to freezing and thawing cycles, and 
surface scaling [32,33]. The first issue is a well-studied problem. 
Internal cracks due to freezing can be tackled ensuring an adequate 
system of entrained air voids. Field and laboratory tests confirm, 
that a critical void spacing exists, beyond which the protection 
against unfavourable effects is no longer guaranteed. This mini- 
mum spacing is 200 um and it is a reliable value for almost all types 
of concretes also under very low temperatures (—20°C). Scaling isa 
progressive deterioration of external layers that leads to a detach- 
ment of superficial mortar or cement paste. This phenomenon is 
still today not perfectly understood, but in general it is due to dif- 
ferential pressures under concrete surface caused by the presence 
of salts in cement paste. In order to tackle this problem, an accu- 
rate control on air entrainment and water/binder ratio could be an 
effective measure. When the concrete porosity cannot be increased 
because of the consequent strength reduction, it is possible to influ- 
ence the air-entrainment degree by chilling the aggregates mixture. 
This operation requires accurate environmental conditions that can 
be affordable only in manufacturing plant. 

These good-practices are evidenced in the reality. Pigeon [33] 
shows some results of some monitoring tests. He noted that when- 
ever small frost deposits on external surfaces occur, the MSTC 
efficiency is not affected significantly, but if frost layers become 
thicker, their influence cannot longer be neglected. These critical 
conditions occurs only when MSTC is intensively damped (e.g. cap- 
illary water, rain, air humidity) and here particular care should be 
given. 

These recommendations put in evidence that an upper limit 
of concrete density exists, with the consequence of reducing the 
energy response, in order to guarantee satisfactory durability lev- 
els. However, this is true only for such climatic contexts where 
severe winter conditions occur and for applications in which MSTC 
could operate below zero temperature (such as an heat pump cou- 
pling). Nevertheless due to the unusual application, the number of 
works which have dealt with medium-term monitoring of MSTC 
systems is limited. This would be an important research branch 
on which more detailed investigations and measurements on field 
should be carried out. 


3. Numerical methods 


A discussed aspect in modelling a MSTC has been the heat con- 
duction through the massive matrix under time-varying boundary 
conditions and in the following, particular attention will be given 
to this issue. For sake of clarity, this section does not aim to dis- 
cuss exhaustively numerical methods for calculating heat transfer 
in opaque elements, but only to comment the techniques applied 
in the reviewed works. 

The heat transfer in MSTC systems is a coupled conduction, 
convection and radiation problem, with appropriate boundary con- 
ditions. The incident solar radiation Ig can be transmitted, reflected 
and absorbed, accordingly to optical properties of external sur- 
faces. The absorbed fraction is partially transferred by conduction 
through the solid material until pipe wall and then removed by 
convection through the working fluid. The collector heat losses are 
expressed with the parameter U}, which is a function of convec- 
tive and long-wave radiative heat transfer coefficient between the 
absorber plate, glass cover (if present) and ambient. Typically this 
value is not aconstant, but for unglazed collectors it can be assumed 
so [34]. Accordingly to the degree of integration in building enve- 
lope (see Section 4), boundary conditions acting on the bottom 
surface of a MSTC can be of the first kind (when the contact surface 
temperature is known) or of the second and third kind (convective 
and radiative heat flux known). 
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Fig. 3. MSTC elementary unit cell. 


The heat transfer in MSTC solid matrix and working fluid is 
a three- and one-dimensional time-dependent problem, respec- 
tively. In order to simplify the analysis, two assumptions can be 
done. A first affirms that the same temperature distribution exist 
between any tubes: it implies that the thermal response of the 
original MSTC geometry corresponds to that of a simplified par- 
allelepiped embedding a single tube and characterized by a width 
equals to the pipe spacing. A second says that the temperature gra- 
dient in any plane perpendicular to fluid direction is larger than 
the longitudinal one. This simplification leads to divide the MSTC 
structure in n-segments along fluid direction, in which the fluid 
temperature can be assumed approximately constant: the greater 
the number of segments, the better the accuracy in calculating the 
fluid temperature profile. Each segment is subjected to the same 
boundary conditions above described and the segments are then 
coupled together, in a way that the outlet fluid of a unit cell becomes 
the inlet fluid of the successive one [35-39]. The heat conduction in 
the solid becomes a 2-dimensional heat transient problem, allow- 
ing to study a simplified elementary unit cell (Fig. 3). Edge losses on 
the MSTC perimeter and the heat transfer occurring in tube headers 
are usually neglected. 

Several numerical methods can be adopted for calculating the 
solution of the heat conduction problem in a MSTC. In the case of 
simple collector’s geometry, the solution of the three-dimensional 
problem can be simplified to a one-dimensional one, as described 
above. In other cases, when MSTCs are conceived with particular 
geometries, these simplifications are no longer applicable and more 
detailed methods are required (for instance, Finite Element Method 
(FEM) or Finite Volume Method (FVM)). 

In some of works here reviewed [35-38], the heat conduc- 
tion has been solved through an explicit Finite Difference Method 
(FDM). The accuracy in calculating the distribution of tempera- 
ture in solid is a function of the selected simulation time step and 
geometry grid spacing. These parameters have to be defined, firstly 
accordingly to the fulfilment of stability criterion (Fourier number) 
and secondly, in a way that calculation efforts are within feasible 
and reasonable limits. For instance, Bosphetty [37] and Nayak [38] 
carried out a 2-dimensional FDM calculation selecting a grid with 
a spacing of 5mm and a time step of 10s. The stability criterion to 
fulfil referred to an internal cell is: 


aAx 1 

o= ag Ola A (2) 

Other authors treated the dynamic thermal response in solid 
matrix using Fourier Series. From a mathematical point of view this 
is a very elegant approach and this method have been adopted in 
either single- [59-62] or multi-layered [27,28] structures under dif- 
ferent boundary conditions. Because of the problem nature, these 
should be linear or at least easy to linearize (e.g. solar radiation can 
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be linearized using the notion of sol-air temperature). The solu- 
tion of the generic periodic temperature is a function of time, space 
and number of harmonics chosen. In particular this last parame- 
ter is crucial in a way that the greater the number of harmonics, 
the higher the numerical accuracy, but the more time-consuming 
calculation is required. 

Traditional theory on solar thermal collectors (here denoted 
with HWB theory [40-44]) is derived from the fin-efficiency 
method. This method does not take into account capacitance effects 
of fin-material, because in general heat conduction is prevalent on 
storing effects. As affirmed in [45], the influence of this issue on 
traditional metallic FPCs is however negligible and generally the 
influence of heat storing determines a decrease of the useful energy 
from 1% to 5% on a daily basis. 

Fin-efficiency method adopts the Lumped Capacitance Method 
(LCM) [46], a method largely used for solving transient heat transfer 
problems. It based on the assumption that the temperature of the 
body is spatially uniform and thus the temperature is a function of 
time only T(t). The validity of this method depends on the resulting 
Biot number. 


hconvđdtot 
Bi = S a (3) 


The criterion to fulfil is Bi< 0.1, which means that heat convec- 
tion is one order of magnitude greater than heat conduction. Under 
these conditions the error associated with LCM approach is small. 
For instance, assuming as convective heat coefficient hconv the value 
of 15 W/(m? K), the Biot number for the case of a copper-absorber 
in a FPC collector with a plate thickness of 0.5mm, amounts 
to 1.9 x 10-><0.1. In the case of a MSTC this approximation is 
no longer valid, because under the same boundary conditions, a 
concrete-made MSTC with thermal conductivity of 1.8 W/(m K) and 
a total thickness of 100 mm, embedding the pipe coil in the middle 
section, reaches a Biot number of 0.4>0.1. 

The large heat capacitance of MSTC determines transient states 
and so a lag of time is required before steady state conditions are 
reached. Transient conditions are mostly caused by time-variant 
boundary conditions (ambient temperature and solar radiation). 
However, if boundary conditions do not vary significantly, steady- 
state conditions are met and so collector’s parameter derived from 
HWB theory can be calculated and adopted too. This approach is 
in general useful because it permits to compare on the same basis 
performance parameters of different solar thermal collectors, but 
on the contrary it neglects the effect of heat storing on collector 
performance, a central aspect for MSTCs. This approach has been 
adopted by Sokolov [39], which conducted several numerical simu- 
lations in order to study the influence of independent (pipe spacing 
or slab thickness) and dependent (heat transfer coefficient or heat 
loss coefficient) design parameters, as well as boundary working 
conditions (incident solar radiation, inlet fluid temperature) on col- 
lector energy efficiency. Collector’s parameters, such as efficiency 
factor F’, heat removal factor Fp and instantaneous energy efficiency 
n have been calculated when these conditions are verified only and 
the relative time required to meet this state is denoted with t»: 
this value amounts to approximately 5 times the time constant of 
the elementary section. 


IgCp ULF’ 
FR = U, 1 — exp ba (4) 
E Uo 
F = U; (5) 


or alternatively: 
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MSTCs are equivalent to radiant systems exposed outdoors, 
but unlikely from these, pipes are means for collecting heat from 
the environment. With regards to numerical analysis, radiant sys- 
tems are based on fin-efficiency method as well as FPCs and so 
in general these methods [47-50] (for sake of brevity only few 
are mentioned) are applicable also for MSTCs. A notable effort in 
solving the problem of heat transfer from/to radiant systems is the 
work of Koschenz and Lehmann [50], which derived and validated 
a numerical model for simulating the response of thermally acti- 
vate structures, based on [51,52] references. As in electric circuit’s 
theory, a Delta-Star transformation can be performed between 
three nodes, which in this case correspond to the fluid and surface 
temperatures. Doing this a fictive additional node is inserted, rep- 
resenting the core temperature of the massive element. The heat 
transfer between fluid and core temperature is pure conductive, in 
which an equivalent thermal resistance has been calculated as a 
function of pipe network configuration, pipe diameter, fluid mass 
flow rate and temperature. The heat transfer to/from the environ- 
mental boundary condition from/to the fictive core temperature 
is then distributed accordingly to the thermal characteristics of 
the layers. This method has been implemented in Trnsys [53] and 
applied for the calculation of massive structures in [54-56]. The 
heat conduction problem is here solved with the Transfer Func- 
tion Method [57,58], a method developed from Response Factor 
Method (RFM) and based on Laplace transforms. The major advan- 
tage in doing this is that the two-dimensional heat transfer can 
be further simplified to a one-dimensional problem. Nevertheless, 
the calculation of high-capacitance structures should take care of 
convergence problems: in order to fulfil this requirement, the time 
period (known as time-base) on which RFM is based has to be a 
finite number of times the simulation time step. 

Furthermore, accordingly to the detail of physical analysis, three 
different approaches can be considered in modelling a thermal sys- 
tem [63]. A black-box numerical model solves a thermal problem 
without any reference to underlying physics. In this, usually empir- 
ical rules are used, which relate the output of the model to a set 
of inputs. In a grey-box approach, some or all of the mechanisms 
describing the behaviour of a system are known, but are not fully 
represented in the model and approximated rules are used. Bulk or 
lumped parameters and approximated rules are here typically used. 
Finally, the white-box approach describes accurately the behaviour 
of areal system by rigorous physical equations in which no approx- 
imations are made using bulk parameters. In the literature here 
reviewed, the most used approaches are grey-box, in which mostly 
analytical methods are applied for solving the conduction prob- 
lem in solid matrix. White-box method is only adopted in [35-38], 
where FDM is used to solve conduction heat transfer. 


n(t) (7) 


4. Applications of MSTC 


An advantage in using concrete as absorber surface is the great 
variety of structures in which a pipe coil can be embedded. Thanks 
to this, MSTCs can be implemented in horizontal, sloped or ver- 
tical installations. Authors such as Spencer [64], Bainbridge [65], 
Sedwhich [66], Olive [67] and Turner [68,69] were the pioneers of 
studying the feasibility of MSTCs as solar systems. Several appli- 
cations (swimming pool heating, DHW heating or preheating, 
combined SH and DHW) and system layouts (gas boiler, parallel 
or series heat pump) have been developed. In these, MSTCs are 
applied in low temperature range and they are meant as possible 
substitutes for FPCs. 
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Fig. 4. Classification of MSTC application accordingly to degree of building integra- 
tion. 


MSTCs can be classified accordingly to different criteria. A 
first classification distinguishes among heating, cooling or DHW 
applications, putting in evidence the purpose to which MSTC are 
adopted. Then looking at the fulfilment of building loads, the col- 
lected heat can be used directly or indirectly. A direct exploitation 
occurs when solar energy covers partially or entirely DHW and/or 
SH load or when the collected heat from MSTC leads to a reduc- 
tion of indoor temperature, partly covering the cooling demand. On 
the other hand, indirect applications are those where the collected 
heat from MSTC is used as source for an heat generator system. 
Typically, heat pumps are used for these purposes: the heat stored 
in MSTC is used as low grade heat source until heat pump work- 
ing conditions are satisfied. When the heat pump is down, MSTC 
recharges from the environmental energy for further utilizations. 
Moreover, accordingly to the degree of integration in building enve- 
lope, MSTCs can be classified in detached, partially integrated or 
integrated systems (Fig. 4). In order to sort the reviewed applica- 
tions, this classification is adopted in the next section. It permits 
effectively to highlight advantages and drawbacks, independently 
from the system layout in which MSTC are implemented. In order 
to better compare technological and thermal features, two synoptic 
tables (Tables 1 and 2) have been developed, listing a series of rel- 
evant parameters of MSTCs, such as the thermal properties of the 
massive material, the pipe tube, the working fluid, the application 
and the installation mode. 


4.1. Detached MSTC 


The minimum degree of integration of solar systems occurs 
when MSTCs are physically separated from the building envelope. 
To this category belong structures such as horizontal pavements, 
vertical external walls or prefabricated structures, which are not 
in direct contact with the building. In terms of orientation and tilt 
angle, these surfaces are usually not optimized for solar energy col- 
lection, because they are conceived for meeting others functions 
than solar thermal purposes. Anyhow, these structures represent 
alternatives and solar-potential free surfaces, in most of the cases. 

The feasibility of using horizontal concrete structures has been 
firstly studied by Turner [68,69] and Srivastava [60]. Turner inves- 
tigated the solar-potential of ground-integrated MSTCs during the 
summer and winter season in North America. He introduced the 
concepts of heat removal temperature T; and initial energy invest- 
ment (IEI). The first is defined as the fixed set-point temperature 
for starting to remove heat from the slab, while the second is the 
amount of energy needed for increasing the temperature of the 
leaving fluid up to Ts and it represents a non-recoverable term. 
When the temperature T; increases, the daily useful heat collection 
decreases, because a greater value of IEI is necessary. By moving 


the pipe position in depth the initial energy investment increases, 
because the distance between the length penetration of heat wave 
and the fluid becomes greater. The author affirmed that the notion 
of instantaneous efficiency 7 is meaningless for MSTC, because the 
heat extraction can occur also when the intensity of solar radiation 
is close to zero (e.g. cloudy conditions) are present. Thus, a daily 
efficiency ng figure: 


J qult)de 
a f Ig(t)dt 


has been adopted in order to overcome such limits. Srivastava [60] 
compared the performance of inexpensive ground-integrated solar 
collectors. The response of ground, sand and concrete have been 
numerically calculated: thanks to a greater thermal diffusivity, con- 
crete resulted the best material. 

Gao [70] and Wu [71] applied the concept proposed by Turner 
to a road hydraulic circuit, which is used as solar collector during 
the summer and as ice-snow melting system during the winter. 
The authors demonstrated that the daily efficiency of the solar sys- 
tem increased with an increment of the flow rate (from 701/h to 
1001/h), while a lower fluid inlet temperature would promote a 
better heat collection. The potential of such surface was quantified 
in 150-250 W/m? with a solar radiation of 300-1000 W/m2. As fur- 
ther benefit, the system could contribute in reducing the local heat 
island effect in built up areas, by removing the absorbed radiation. 
The contribution could be important in particular in urban context 
where structures like urban roads or parking areas could be free 
exploitable surfaces. 

Probably, the most significant contribution in studying MSTC 
is the activity that Fraunhofer-Institute for Building Physics con- 
ducted in the 1980s [17,18,24,72-74]. They published numerical 
and field test results of several massive collector prototypes. The 
energy response of MSTC has been described through the specific 
effective heat flux extracted from the collector qy eg [W/(m? K)], 
which corresponds to the ratio between the collected heat per unit 
area and the difference between the ambient and fluid average 
temperature. Indeed, in MSTCs the influence of ambient air tem- 
perature is central as well as solar radiation, because if the fluid is 
colder enough, MSTC can extract heat from the relatively warmer 
ambient air, also during the night. If specific heat qu [W/m?] gives a 
measure of the intensity of collected heat, the effective specific heat 
qu,eff Permits to understand the quality of the delivered energy. 


Na (8) 


qu,eff = T 1 (9) 


air 7 Trav 

In particular a concrete vertical wall is discussed in [72-74]. 
Several constructive parameters have been varied in order to inves- 
tigate the sensitivity of the system with regards to pipe coil position, 
concrete thermo-physical properties, finishing and colouring of 
external surfaces. Field tests confirmed that MSTC performance 
is positively affected by (1) a decrease of the pipe spacing (rang- 
ing from qu,eff Of 19.3 W/(m? K) with a pipe spacing of 125mm to 
25 W/(m? K) with a pipe spacing of 65mm), (2) a greater MSTC 
thickness, reaching a value of 24.8 W/(m? K) and (3) a ribbed exter- 
nal finishing, which had a double exposed surface than the base 
case configuration, in terms of specific effective heat (+9%) and 
of reduction of frost formation. Finally, the influence of orienta- 
tion and surface colour has been investigated. As expected, dark 
coloured finishing are highly recommended and southern surface 
was the most attractive orientation. 

More recent works [54,55] investigated the feasibility of cou- 
pling a precast concrete garage as a heat source for a brine to 
water heat pump. The garage had a gross volume of 46.5 m? and 
an exposed surface of 73.5m?. Heat pump capacity covers the 
heating (30 kWh/m2) and DHW (501/person/day at 40°C) demand 
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of a single family house located in a typical European climate 
(Stuttgart, Germany). Numerical simulations have been carried out, 
in which the feasibility of the mentioned system is compared with 
air-source heat pump systems. In general, they concluded that 
garage-absorber has a good potential in particular during mid- 
seasons, where the combined effect of low-heating demand and 
solar gains becomes profitable in terms of heat pump driving tem- 
peratures. Dark colored surfaces should be preferred to lighter 
finishing, because of the greater absorbed radiation. 


4.2. Partially integrated MSTC 


From the literature review conducted, it emerged that the most 
common application of MSTCs are roof-installed systems, as vari- 
ants to traditional FPCs. Massive collectors can be provided by a 
glass pane [11,37,38,75-78], but also they are meant as unglazed 
massive collector [79]. 

A comprehensive investigation on alternative materials that 
can be adopted for solar thermal purposes has been described 
by Kutscher [11]. Here, two prototypes of MSTCs have been con- 
ceived, a first that had an open channel design with a glazing glass 
directly bounded to absorber structure, and a second where the 
passageways were obtained during the casting phase and no plas- 
tic or metallic pipes were used. Both configurations had an exposed 
area of 2m? and were made of glass-reinforced concrete (GRC). 
This material is cheap and it combines good thermal properties to 
strengthen resistance, because of the addition of glass fibres to con- 
crete mixture. The second configuration showed some problems, 
mainly due to the imperfect sealing of the cavities in it. The problem 
was solved by using liquid sealants within the fluid passageways. 

Bosphetty [37] and Nayak [38] studied experimentally the per- 
formance of a solar concrete collector for providing DHW in New 
Delhi (India). They conducted tests on thermal, pressure lost and 
static issues. In particular on the thermal side, they noted that 
by decreasing the pipe spacing from 15cm to 6cm, the collector 
efficiency increased appreciably, because of a more effective heat 
removal from concrete absorber. A further positive effect is also tes- 
tified by doubling the fluid flow rate from 0.01 kg/s to 0.02 kg/s. This 
variation decreases absorber’s temperature, reducing heat losses 
and leading to an increase of the daily efficiency. Finally, they com- 
pared between a serpentine and a parallel configuration of the pipe 
network and it emerged that for the first model the final pressure 
amounted to 8.4mm of water, which corresponded to nearly 10 
times the value of the second arrangement. 

Al-Saad [75] developed three glass-covered MSTC configu- 
rations, testing their behaviour in Jordanian climate. Collectors 
differed merely on the tube material employed (galvanized steel, 
thermo pipe, PVC). In general, collector performance has been cal- 
culated in terms of daily efficiency and the value amounted to about 
50%. The behaviour of MSTC was positively affected by an increase 
of fluid mass flow rate (from 0.011kg/s/m? to 0.033 kg/s/m2), 
leading to an increase of the maximum efficiency. Compared to 
traditional FPCs, MSTCs operated at a wider range of inlet temper- 
ature (a lower slope of efficiency curve), although the maximum 
efficiency was generally smaller (a lower curve intercept). The time 
constant of the three concrete absorbers has been calculated. The 
values were greater than traditional metallic collectors with val- 
ues range from 20 min (galvanized steel tubes) to 33.6 min (thermo 
pipe tubes). Because of the better thermal conductivity of the mate- 
rial, galvanized steel tubes revealed a better behaviour than plastic 
pipes. In MSTC this parameter is central, because it improves the 
heat transfer to the fluid accordingly to the boundary conditions. 

The MSTC configurations developed in [75] has been after- 
wards evaluated by Jubran [76] within three different plant layouts 
taken from [34]. A space heating and domestic hot water sys- 
tem (SHDHW), a domestic hot water system (DHW) and a solar 


swimming pool heating system (SPHS) have been studied for 
Amman (Jordan) weather conditions through the f-chart method 
[34]. The space heating design load and setpoint temperature were 
fixed at 20kW and 22°C, respectively. The DHW draw-off was 
assumed to 3001 at 60°C, while the water setpoint temperature 
for the SPHS system was fixed to 28°C. A parametrical analysis 
has been carried out by varying collector’s field area. In the case 
of SHDHW layout, the optimum MSTC surface was of 55 m? with 
a minimum solar fraction (SF) of 27%. In the DHW system, 5 m? 
of MSTCs permitted to cover 52% of the mentioned load, while a 
conventional FPC typically covers the 45%. Increasing the collec- 
tor’s field to 15 m2, the solar fractions reached for concrete and 
traditional collectors were 87% and 75%, respectively. In the SPHS 
system, the solar fraction was linearly dependant to the collect- 
ing area and in particular it ranged from 10% with 100m? up to 
40% with 400 m? of concrete collectors. The outcomes of this work 
affirmed that in general MSTCs reached higher annual and monthly 
solar fractions than traditional metallic solar collector. 

In [77,78] the performance of an integrated solar storage col- 
lector concept is reported. The collector has been exposed outdoor 
and monitored for three months in Tunisian weather conditions. 
The monitoring results showed that during a typical sunny day in 
winter the solar collector outlet water increased up to 50°C at noon 
remaining almost constant for 3 h: in this case the maximum useful 
gain was of 2.9 kW. During partially shaded winter days, outlet fluid 
temperature is not deeply affected by a fluctuation of solar radiation 
because of the thermal inertia of concrete structure. On the other 
hand, the high thermal loss coefficient U, determined higher heat 
losses during the night compared to traditional solar systems. The 
heat loss coefficient amounted to 14 W/(m? K), which corresponded 
to twice the value of unglazed solar collectors (8 W/(m? K)) [34,80]. 
Furthermore, the author carried out an energy and exergy analy- 
sis. Energy and exergy daily efficiencies amounted to 15% and 32%, 
respectively, where the corresponding values for traditional FPCs 
are 52% and 4% [81]. 

A different MSTC concept has been developed by Chaurasia [79]: 
the collector had no glass panes on the collector top and no insu- 
lation at its back has been used. The aim of this collector was to 
fulfil DHW load for Jodhpur (India) location. The network of pipe 
is arranged in a parallel configuration and embedded in collector 
structure in a way that 70% of their external area laid inside of the 
concrete matrix and the remaining 30% is directly exposed out- 
doors. Three different inclinations (horizontal plane, 41° toward 
south and vertical) has been tested, but the best results came from 
the tilted configuration. The system is suited for producing water 
at moderate temperature (36-58 °C) and permitted the production 
of 25-40 l/m? of hot water. The author affirmed that such system 
could be employed for water pre-heating to any heating system and 
in particular during the summer season for supplying hot water a 
relatively higher temperature. 


4.3. Building integrated MSTC 


As previously said, a decisive strategy to reduce the investment 
cost of traditional solar collectors is to enhance the integration 
degree of solar system in building facade. 

Sarachitti [25] and Kumar [62] studied the performance of a 
roof-integrated MSTC in Thailand and India, respectively. Both sys- 
tems consisted of a concrete matrix, in which a network of tubes 
is embedded. Experimental outcomes showed the effect of heat 
removal on surface and indoor air temperatures, which resulted 
in a decrease compared to a traditional configuration. Experimen- 
tal results [25] showed that MSTC can produce up to 401 of hot 
water per day at temperatures ranging from 40° to 50°C. They 
emphasized the potential of designing the building’s roof as solar 
collector/storage systems, not only for DHW preparation but more 


3676 


Massive Solar 
Collector 
(MSC) 


Ground collector 


M. D'Antoni, O. Saro / Renewable and Sustainable Energy Reviews 16 (2012) 3666-3679 


Heating 


Heat pump circuit 


Distribution pump 


Primary pump 


Fig. 5. Parallel heat pump system between roof integrated MSTC and ground collector [82-86]. 


as active strategy to reduce cooling loads. Increasing the water flow 
rate from 2.5 I/h/m2 to 201/h/m2, a significant improvement in col- 
lector’s performance due to the reduction of solar gains through 
roof structure has been noted, with a contemporary reduction of 
the outlet fluid temperature [62]. Moreover, a sensitivity analysis 
of pipe plane position has been carried out: the collected heat is 
notably reduced and the relative peak shifted in time up to 12h 
with respect to solar radiation maximum value. 

The indirect exploitation of MSTC collected energy has been 
firstly investigated in [17,18]. A roof-integrated MSTC fed a dual- 
source heat pump, in which a ground heat exchanger acted as 
secondary heat source. DHW and SH loads of a single family house 
are met by the plant scheme depicted in Fig. 5. In [82-86] the 
monitoring results of an installation in a 150 m? SFH in Stuttgart 
(Germany) are reported. The heat pump capacity was 18 kW and the 
system is designed in a way that 1/3 of the final energy is fulfilled by 
the ground collectors and the remaining 2/3 by the MSTC. The sea- 
sonal efficiency of heat pump (SCOP) amounted to 2.8, ranging from 
2.5 to 3.2 during the year. In residential contexts, in which noise 
level are limited or local drilling due to space limitations are not 
permitted, this system could become an alternative to air-source 
or ground coupling heat pumps [85]. 

Abbott [35,36] developed a concept of a concrete roof assembly 
coupled with a solar assisted heat pump (SAHP). Numerical simu- 
lation have been carried out for Chicago and Atlanta climates. The 
collector is conceived as a precast panel that would be easily imple- 
mented within the building structure. Outer layer is covered by a 
glass pane and the air gap permitted an increase solar heat gains 
and a reduction the thermal losses to the environment. The plant 
layout integrated a liquid—air heat pump and a cold storage tank 
(Fig. 6). The solar energy is stored in the storage tank, which served 
as source for the heat pump’s evaporator. The system is designed to 
fulfil the heating loads of a typical residential single family house 
in the US of 4 persons, with a DHW daily drawn-off of 62 l/day. The 
outlet fluid temperature of MSTC was a function of solar radiation 
magnitude, heat pump operation and building loads. In both loca- 
tions, it ranged from 0°C to 30°C ina typical winter design day. The 
thermal efficiency of MSTC reached a value of about 40%. The MSTC 
coupled to a heat pump is then compared to a reference air-to-air 
heat pump system. The results showed a reduction of the electric 
energy for MSTC system, because of the greater inlet temperature 
in evaporator heat pump than the ambient air and in general, the 
larger the heating season, the larger the savings. 

Within FP7 project “Cost-Effective” [87], a facade-integrated 
solar heat pump system for fulfilling heating load has been devel- 
oping. The concept aimed to overcome the space limitations of 
installing solar thermal panels typical for high-rise buildings. The 
driving idea was that the building facade represents a free area 


which can be provided by means of collecting solar radiation. 
Numerical simulations of the system above described has been 
carried out [88] for Freiburg climate (Germany): the system is cou- 
pled to a test reference room of 38 kWh/m? of seasonal heating 
demand with a setpoint temperature of 20°C. The external opaque 
surface had a light colour and the collector surface was 2.5 m?. The 
results showed that heat pump performance is positively affected 
by the presence of the facade collector also during the cold sea- 
son. Nevertheless, the Seasonal Performance Factor (SPF) of the 
system was not so satisfactory, achieving an ultimate maximum 
value of 3.1. The heat pump prototype performance diverged from 
expected efficiencies (COP =3.7) at BO/W35 test condition, to the 
measurements (COP = 2.9). This variation was due to the small-scale 
of the heat pump, in which heat losses from compressors and pipes 
became more evident. The concept proposed seems to be realisti- 
cally improvable in crucial aspects, such as the heat pump design 
and the lack of the optimization of the external radiant system. As 
a conclusion, the authors recognized the need to limit the heat col- 
lection until when condensation and frost formation conditions on 
the outer surface of the opaque element occur (Fig. 7). 

The authors of [89-91] conducted similar research activities, 
investigating the feasibility of using a roof-integrated MSTC system. 
Further from the benefits above mentioned, the authors affirmed 
that such system can be adopted in hedged-in urban context, typi- 
cal of Italian cities, in which local regulations limit the installation 
of roof solar system. The MSTC is directly connected to heat pump 
and high temperature water storage is used in order to decouple 
building loads and solar availability. Nevertheless, this configu- 
ration is characterized by higher heat losses from the storage 
mantle than the system layout adopted in [88]. A quasi-steady state 
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Fig. 6. MSTC acts as evaporator’s source for a liquid-air heat pump [35,36]. 
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Fig. 7. MSTC implemented in a dual source heat pump [88]. 


calculation has been carried out; the specific collected solar energy 
was calculated as follows: 


qu = (Tsa — Trav) Ue + (Tair — Trav) - Ui (10) 


The energy collected is the sum of two energy contributions, 
which come from outdoor and indoor. Both terms are directly 
dependent on the external and internal U-values (Ue, Uj): the 
greater the value, the grater the contribution. As external bound- 
ary temperature, sol-air temperature Tsa is used. The simulation 
results showed that the SCOP was a function of the ratio between 
MSTC area and the conditioned living area; for the considered Ital- 
ian locations, a ratio above 0.6 led to a SCOP of 3.5. Compared to a 
reference plant (gas boiler), the energy savings in terms of primary 
energy are quantified in about 30% in these conditions (Fig. 8). 


4.4, Final remarks 


What clearly emerged from the literature review is the lack of 
a homogenous thermal and energy analysis and that the informa- 
tion regarding collector configurations, performance figures and 
designing methods are fragmented (see Tables 1 and 2). Concern- 
ing the performance figures of MSTC, some authors adopted the 
notion of instantaneous energy efficiency conceived for massless 
solar collectors, while others preferred to use the effective specific 
heat, which takes into account the collected heat per area scaled by 
the temperature difference between fluid and environment. These 
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discrepancies make difficult a comparison among similar configu- 
rations. 

Even if many design parameters are missing, several analogies 
can be found. The energy performance of a MSTC is a multi-variable 
problem, in which parameters such as pipe diameter and spacing, 
thermo-physical properties of massive matrix and the presence of 
a glass coating have a key role. MSTC energy efficiency is positively 
influenced by a low pipe spacing, a great pipe diameter, a reduction 
of the top loss coefficient, a great thermal diffusivity of concrete, a 
low inlet fluid temperature and an high solar absorptivity. Concrete 
is mainly used in MSTCs, because it combines good thermo-physical 
properties with a high workability and stability to thermal stresses. 
Plastic pipes better combine withstanding against thermal stresses 
and cost savings, even if they have a lower thermal conductance 
compared to metallic ones. 

MSTCs have been mostly suggested for covering DHW in hot 
climates (Thailand and Middle East) and both DHW and SH loads 
in moderate climates (central and southern Europe and U.S.A.). 
The solar incident radiation band in which MSTC operates more 
effectively is included within 150 and 800 W/m? [39,70,71]: above 
this level the solar collection is inhibited because of larger radi- 
ant thermal losses. A direct fulfilment of building loads is achieved 
when solar availability is sufficiently high and for example a glazed 
MSTC with an aperture area of 2 m? can cover up to 80% of DHW 
demand [77,78]. On the other hand, in less insulated regions, indi- 
rect applications are adopted using the MSTC as low-grade heat 
source for a compression heat pump. In this last case, monovalent or 
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Fig. 8. MSTC is directly fed the evaporator of liquid-liquid heat pump [89-91]. 
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bivalent systems can be even present, as well as single- or dual- 
source heat pumps. Heat pump systems can cover DHW and SH 
loads and the SCOP ranges between 2.8 and 3.5 [82-85,89-91] 
accordingly to the peculiarities of the cases. The presence of a 
thermal storage is generally needed, in order to decouple solar col- 
lection phase and building energy demand phases, preferring cold- 
to hot-storages. As reported in [85], the SCOP of combined MSTC 
and heat pump is usually 10% less than ground-source heat pumps 
(SCOP = 3.4, [92]). 


5. Conclusions 


Concrete is a very interesting material for solar thermal collector 
construction, because it combines good thermo-physical properties 
with a high workability and stability to thermal stresses. Thank to 
this, concrete structures can be potentially adopted as solar ther- 
mal collectors (here defined as Massive Solar-Thermal Collectors 
- MSTC) and a great variety of installations and typologies can be 
derived. Nevertheless, up to the present very few MSTC commercial 
products have been released on the market and mostly prototypes 
or ad hoc systems have been developed and tested. 

Compared to traditional FPCs, MSTCs behave similarly to these 
in low temperature range (delivered fluid temperature < 50°C) and 
the share of solar energy is dependant to several aspects, such as 
building loads, solar availability and plant scheme solutions. The 
thermal behaviour of a MSTC is a multi-variable problem, in which 
constructive parameters and operational conditions play an impor- 
tant role. 

Accordingly to the degree of integration with respect to the 
building envelope, a classification among detached, partially or 
fully building integrated MSTC systems has been derived. Any of 
these variants are characterized by a more or less intense heat 
removal, which should be accurately studied and considered in the 
design phase. When a better integration of solar thermal technolo- 
gies within building envelope is aimed, the boundaries between 
mere passive and active solar systems are overcome. By definition, 
the building envelope is a passive solar system, because it can store 
energy thanks to the high thermal capacity without no additional 
pumping work. If it is used as solar absorber, it acquires peculiar- 
ities of an active system and thus, the distinction between active 
and passive systems becomes more difficult or even meaningless. 

The integration of collected energy from MSTC to building loads 
can be direct, (e.g. DHW heating or preheating), or indirect, mainly 
by operating the MSTC as low-grade heat source for liquid-source 
heat pumps. This application has been studied in recent works 
mostly and applied in those cases where DHW and SH demands 
are present. In order to overcome the time-lag between solar avail- 
ability and building demand, thermal energy storages are typically 
necessary. If favourable conditions are met, a monovalent oper- 
ation of heat pump can occur: in other cases, dual-source heat 
pumps (air- or ground-coupled systems) or auxiliary heaters (elec- 
trical back-up or gas boiler) should be considered. The application 
of MSTC for covering the cooling demand is here achieved simply 
by removing the solar gains on opaque structures: the effectiveness 
of this strategy is a function of solar intensity during and related 
building loads. 

Several aspects are still necessary to be addressed. For instance, 
it should be clarified which is the most effective trade-off between 
heat storing and extraction from MSTC, which is the fraction of the 
useful heat collected from ambient air and solar radiation, which is 
the dependency on the useful energy of MSTC design parameters 
(pipe spacing, diameter, etc.) and boundary conditions (climate and 
loads). Further, monitoring and experimental activities should be 
performed in order to clarify medium- and long-term MSTC work- 
ing conditions and reliability, specific system components (e.g. 


small capacity heat pumps) should be designed and manufactured 
and more energy concepts and system layouts need to be studied 
in order to get a clear picture of this topic. 
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